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I. IIiTi~ DUCTIOIl

Interuetallic compounds are formed by the lanthanide elements ~ii th many

of the other metals in the periodic table . These ma terials have been under

investiga tion in this laboratory for about ti.~o decade s. S tudies carried out

in this laboratory and elsewhere has revealed many interes ting effects - very

pouerful magne tocrys talline anisotropies , giant magnetostriction effects and

extensive solvent power for hydrogen. The powerful magnetic anisotropy of

these taaterials makes them of prac tical importance in the fabricat ion of high

energy permanent magnets . itese can in turn be used in a varie ty of devices -

traveling tTave tubes , electric motors , tzatt-hour meters , frictioriless bearings,

guidance systems , etc. The essential fea tures of these subs tances ~rhich make

them of utili ty as high energy magne tic materials have been des~~’ibed in t~1o

relatively recent monographs 1,2 Besically , the powerful magnetism is due to

the crystal anisotropy . The quantum mechanical details of the lanthanide con-

tribution to this have been worked out and published~ dur ing the present con-

trcct  period . The ~‘uthor regards this as a major contribution.

i~io themes have characterized the lrork of the preceding three-year period :

( 1) s tudies designed to trace the puoerful permanent magnetism of rare earth-

transition me tal systems back to Firs t Principles and (2)  investigations

directed toward improving our unders tanding of the magne tic interactions in

rare earth-transition me tal sys tems . The purpose of the latter is to set the

s tage for controlling magnetic s tructure and thereby being able to produce

magnetic s truc tures as desired by appropriate alloying.

The rare earth contribution to the magnetic ~.niso tropy has been estab-

lished to be a crystal field effect.  This elucidation has come about after

rather detailed studies of the crys tal field interacGion ~ Th is has involved

* Assis tant Professor V. U. S. i~a~ and Research Assis tant Professor S. G.
Sankar ‘Tere significantly involved in th is invest igation.
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three kinds of experiment - magnetization measurements, specific heat deter-

minations and the s tudy of spin-disorder resis tivi ty . These experiments have

been examined using the quantum mechanical formalism known as the equivalent

opera tor me thod . The crys tal fie ld studies are summarized in section II.

The magnetic c.nisotroW originates only in part with the rare earth sub-

lattice ; the transition metal subla t tice also contributes , but in most cases

o a minor extent.

A number of experiments have been carried out to elucidate the contribu-

tion of the transition me tal sublattice. These are summarized in section III.

Several investigations have been carried out to revea l various o ther

charac teris .ics of’ the magne~ ic interac tions in rare earth-d transition metal

interznetallics . These are summarized in section IV.

It should be clear that the three-year program being summarized in ~tiis

report is only a segment of an on-going program ‘ih ich was initia ted in early

January, 1965 and is being continued at leas t until late February , 1979 .

I t should be equally clear tha t this report can and should give only an

overview of the activi ty in the program . For the full story the reader should

consul t the papers lis ted bel.cr r in sections II , III and IV.

II. STUDIES OF ~~~~~ CRYSTA L FELD INI’ERACIOI’J

The aspect of’ the work of the oas t three years is described very ~rell in

two ra ther major review papers and in six research papers . ‘he se ore as follows :

Review Papers

1. ~1. E . Wallace , “The Crystal Field Interac tion in Rela tion to
the Magnetic , Thermal and Transport Properties of Rare Earth
Interree tallics and Hydrides ,” Proc . of the Conf . on Crystal
Field Effects in Metals and Alloys, Montreal , Canada , June
26-29, 197t

~.

2. 1. L. Wallace , S. G. ‘3ankar and V. U. S. Rao , “Crys tal Field
Effects in Rare Earth Interine tallic Compounds , ” ~ appear in
S truc ture and Bonding, springer-Verlag .

- .  - ~~~~~~~~~~~~~~~~~~~~~~ 
-

~~~~~~
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Research Papers

1. 3. V. Maho ney, ~~~. 2. ~Ial1ace and 1. S. Craig, “Influence of
the Crys talline ~lec tric Field on the Hea t Capaci ty and
Resistivity of PrA13,” 3. Appi. Phys . 115, 2733 ( 19711).

2. ~~~. G. Sankar , V. U. S. Rao , E. Segal , T . E. ~1al1ace , ~!.Frederick and H. Garrett , “Magnetocrys talline Anistropy
of SniCo5 and Its Interpretat ion on a Crys tal Field ~.1odel ,”
Phys . Rev. BU , 1135 ( 1975).

~~. J. V. Mahoney , ti . E . Wallace , H. S. Cra ig and S. G . Sankar ,
“S tudy of the Crys tal Field Interaction in NdA1.. by Measure-
ments of Heat Capacity , Susceptibility and flesi~ tivi ty ,”
Inorg . Cheat . 1~, 2918 ( 1975).

~~~. T. Inoue , S. G. Sankar , 2 . S. Craig, W. ~~~. Wallace and K.  A .
Gschneidner , Jr., “Low Temperature Heat Capaci~ies and
Thermal Proper ties of DyA10, ErAl2 and LuAl.- ,“ J. Fnys. and
Cheat. -~f Solids 38, 1187 (i~7y ).

5. 5. G. Sanka r , S . K. Malik , V. U. S. llao and U . E. Wa llace ,
“Effect of Magnetic Anisotropy on the Hea Capacity of
Crystal Field Effects in Metals and All~y,~~ A. Furrer, ed.,
Plenum Press, New ~orkTl977), p. 153.

6. T. Inoue, S. G. Sankar , ~~ . S. Craig and W . E. Wallace , “In-
f luence of the Crys~a1 Field Interac tion on the Thermal Be-
havior of ErA12, ib id . ,  p. 1113.

The first of the review papers consists of 31 pages , the second of 98

pages . Ther e is ~~ t iny ;o summ arize these leng thy papers except to say that ,

as noted in the Introduc.i~n , three methods have been deve loped to enable the

cry stal field interaction to be established . Additiona lly , i t is to be noted

tha t the strength of this intera c :ion is kT with T of the order of two or

three hundreds of degrees kelvin. Thus it  is compa rable with exchange ,

actually usually larger . The present repor t can serve the purpose of inform-

ing the reader of the existence of the two reviews . The first  is not widely

available . The second , which includes the fir st , ‘Till be widely ava ilable

upon publication.

Re search papers 1 and 3 above r.ie very similar. The f i rs t  deals wi th

PrA 13, the o ther wi th isos truc tua l I’rciAl3. Bec-~use of the general similari ty

comaents will be confined to the PrA13 s , udy . ileasur ement of magnetic



susceptibility (x), heat capacity (c e ) oo~ elec~rical resistivi ty (p) were made.

There were clear ind ica tions of the effec t of the crys tal field interac tion on

~~ , C and p.  Ana lys is of this showed the spec trum for pr~~ given in Table I.

Table I

Rner~~ Levels cad Ligenfunctions for Pr3
~ in PrA1

3

‘~igenfunctions Moment Encr~~ Coefficients

•3  a f _ 3>+a !3> 0.00 131.6
0.737

r5 b 1 +~ >+c~~~2 > 126.5
-0.737
-o. )

~26

1’
5

0)126 93.0 a 0.707

0.00 87.9 b O.6i8~4
-0.250

0.250 ~3.1 c = 0.7858

F 1 0> 0.00 0.0

It is to be noted tha t the gr ound sta te is a single t and the overall splitting

is l31.6~K. Results for NdA13 
are generally similar , as might be expected in

view of the structural similarity of these ~:io compounds. Estimates of the

overall splitting for Nd3
~ in NdAL, range from 126 to l67°K.

ilesearch papers 1~, 5 and 6 deal with rare e~u’th-a1uminum Raves phase

compounds . The overall splitting is about 1O0~K for RAL, phases wi th

= ~~~~, t~r and Ho.

1esear’ch gaper 2 above provides a theoretical explanation for the strong

magne tic onisotropy of SmCo 5, Early work by Greedan and flao~ provided an

accoun t of the anisotropy in 11C35 and fl~Co 17 phases using the operator equiva lent
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r.ie Tho~~. This formalis~i is satisfactory only when there is no cixing of J

sta tes , th.~ sit uation for m~sL of the rct i~c ecrth interme tallics for which the

utultiple ts ~re widely spaced . It is not so for Sin ’ , which is an especially

in teresting case because ~f the imp rtnnce of ~urCo
5 

in permanent magne t fabri-

c~~~ion. ifl this case the ~acah algebra mast be used. The Sm3
~ sublat tice

anis otro~j  is properly accounted for using reasonable values of the crys tal

field intensity parame ;ers (A~ < r2
> -li20~K, A~ < r~ > = -25°K , A~ < r6> =

l~i~ and A~ < = 6°K) a rid the Hamiltonian as follows:

- \ j,.t3 4. “c + 2ji ,,S H (where S S, or s~)CF ex ~.

is evaluated by the tensor-operator technique devised by Racah .

= 2110°K, where k is the Boltzmann cons tant .

The ener~~ of the Sm~~ sublattice was calcula ted with moments parallel

(z dircetion) and perpendicular (x direction) to the c-axis . The ener~ r was

foun d to be lower for the z direction by an amount that agreed well ‘ith re-

suits ob~ain~d experimentally by Frederick and Garrett of the Wright-Patterson

Air Force Base. Thus the source of the powerful ariisotropy and high energy of

SatCo5 permanent magne ts has been established . Similar calculations were made

by Buachow , Van Diepen and de Wijn ’ a t a slightly la ter time .

III . S~IUDIES ~1D ELUCIDATE m~~ TRANSITION EI2~~~NT
St~~-IATiYICE ANISOTRO PY

During the preceding 3-year period Z4 papers , all original research , were

published in this area . They are as follows :

7. K. S. V. L. ~!arasimh an and “1. E. Wallace , “Magnetic Properties
of R2FCI7. XMx (R = Y, Ho and M Ni , Al) and Y? X Th~FelT
Compounds ,” Al P Conf. Proc., No. 18, i21~8 ( l97L~).

8. K. S. V. L. Narasitahan, U . E . Wallace , 11. B . Hutchens and
J. L. Greedan , “Magnetic Anisotropy of li2Co Compound s
(r. Er , Tm, Yb ), ” ibid., No. lC ,~ l212 ( l97~~.
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9. K. t .  V . L. N ~asinih~n , “I laguctic Anisotropy of Fe , Mn
and Ni bubs~ ituted ErCo 1 Terriaries ,” ItEE Trans . iag , t~AG 12 ,
1009 ( 1976).

10. N . ,. V . L. Narasithan , C. Do-Dinh , U . E . Wallace and Ii. D.
Hutchens , “ilagrie ic Properties of the ThCo5..~Ni~ Sys tem ,”
J .  App ].. Thys. 1:6, 1~S~6l ( 1975).

In i~Co 5 internie tallics there are two crystallographically distinguish-

able varie ties of cobalt - the so-called 2c and 3g cobalts . One ~rishes to

know how each of these contributes to the magnetic anisotropy . In the R2Co 17
(or R2Fe17) interme tallies there are four kinds of Co (or Fe).  Presumably

each is contributing t~ the aniso tropy each in its own special ‘ray . Addi:ion-

ally , in the B2Co17 inton e tallies there are two kinds of rare ea:ths . Thus

iri the RCa 5 intermo tallies there are three magne tic species and in the R2Co 17
intenme tallics there are six . rjhe ro le of the rare earths has been established

theoretically but as yet this is an intrac tible approach for the d transition

clement sub—latti ce . An experimental approach is accordingly necessary .

The s trate~~ being followed is to subs t i tute preferentially on the several

sub-la ttices and to s tudy systematically the alteration in magne tic properties .

Crys tal chemical principles are used to arrange the preferential subs titutiori .

The first example of this was6 the s tudy of fl2Co i7 T~ 
wi th T = Fe or Mn . In

these coses the sign of the anisotropy was changed by alloying wi th Fe 01’ Mm .

Paper Ho. 7 involves fl2Fc17-based ternaries with R = Y , Tm or Ho. Fe is

partially replaced by Ni or Al. Fe is s ,,rong ],y magne tic in these materials

(
~ ~~~ per ato m) whereas Ni is weakly magne tic (‘~ O.3~~ per atom) and Al is

non-magne tic. Yet when Fe is replaced by Ni or Al , f~ sharply increases .

Tm2Fe 17 was found to be an extremely interesting compound . Its inagne~..ic

s truc tures are given in Table II.
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Table II

Magne tic Characterist ics of 1m2Fe
17

Easy Axis S truc ture

0-85 parallel to c-axis Ferrima~ netic ’

85-265 in basal pla ne Ferriina~ net ic~
265-285 Spira l

> 285 Par~magne tic

*
The Tm and Fe moments are coupled anti-parallel.

The Fe sub-lattice has a preference for an easy axis in the plane , the Tm

sub-la ~tice prefers c-axis uniaxiali ty . The lat~cr predomina tes only a t  low

tempera tures . Replacemen~ of Fe with fli o~’ Al decreases the Fe sub-lattice

anisotropy in T~2Fe17 and the 85°K t ransi t ion (inc~ier ted in Table II) moves

progrcssive].y upward , reaching 2140°K in Tm~Fe1~Al3. The sugges tion is that

Al has progressively replaced Fe in the Ii.f (i.e., dumbbell) crystallographic

sites. These sites are recognized as the source of’ the s trong basal plane

anisotropy in ye17 
or R~Co

17 
phases.

Paper 8 deals wi th the de termination of the easy axis in fl2Co 17 wi th

B = Er , Tm and Yb. The firs t two are uniaxia]. materials a t  3OO~K , the latter

appears to have a conical s tructure . Anisotropy fields 
~~~ 

were de termined

and are given in Table III .

Table III

Anisotrooy Fields ’ for 112Co 17 Compounds

Er2Co17 Tm2Co 17 Yb2Co 17

30 70 30

300’I( 13 18 19

* in kOe

L 
_ _ _ _ _ _ _ _ _ _ _ _ _



Paper 9 represents a continua tion of the work in paper 8, focus ing

a t t ent ion on Er
2Co

17
. As no te d above , i t is uniaxial but has a fairly low

va lue of HA . The work of Schaller eb al .6 showed the uniaxiality could be

induced in basal plane R2Co17 systems by partially replacing Co with Fe or Mn.

This suggested tha t HA f~r Er 2Co 17 migh t be strengthened by partially replacing

Co in it with Fe or Mn. The effect of Mn , shown in Table IV , is particularly

drama tic .

Table IV

Anisotropy Fields and Curie Temperatures of
Er Co Mn Ternaries2 17-x x

x ~~(° K) HA(kae )  at Ll~.2°K

o ii6o 31
2 982 133

7~46 103
6 383 - --

Uork by lb thwarf , Leupold , Greecian, Uallace and Das on Th(Co1 ~~~~~~ 
end

Y(Co 1 Fe
~

)
5 

ternaries suggested that the Co sub-lattice aniso tropy originated

primar ily wi th the 2c Co a toms , i.e., those in planes with Tb , Tb being their

neares t neighbors . Paper 10 deals with similar subject mat ter  - the s tudy of

ThCo
5~~

Ni
~ 

ternaries. Neutron diffraction work by f’ toji , Do-Dinh and Uallace

on these ternaries showed8 tha t Ni replaces Co preferentially at  the 2c sites .

St udies of the anisotropy fields of ThCo
5~~

Ni,, ternaries is consistent with

this and also wi th the notion that the transit ion meta l sub-1a~ ’tice originates

pr imarily with Co at  the 2c positions .

Conclusions derived from the Ai~O-supporbed work at Pittsburgh are supported

by recent polarized neutron diffraction studies by Deportes et al.9

~1e now have a reasonable idea as to anisatroW in the t12Co 17 and 1Cm5
compounds and how to bring about “favorable ” anisotropy , but do not know the
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Very s~~)hit~ ;ic~ e heox y ~?i11 n~ ~ ~~rily be eritialed in the full

e~ rci~~ ion ~~~~ ~hese ir.teres ~in: pht~r.ci’ rr

IV . ~t~GI~~~IC INi~~~C ‘IONS IN tELE n~’t~D Ifl ThIJ~~TALLICS

In the grant period six research papers in this area have been pub’ished.

They a~e as fT11~~’s:

11. ~~~. ~~ . ~.i ~~~~~~ . . .  ‘ . ~
..  ~ . ~~~~

-
~~~;i.j !iwi , ~ . .  ~~1lac ~mLi ~~~. S.

~ ~~~~~,, ~~~~~~ ~~~~~~~~~~~~ 01 ~~ ; 1_~~itt ,~~ ~~ ~~~ ;d~ ~~~~~~~~~~~~~~~~~ J ~~,~ 1. t~~~t~ (~~~c... ti, ilk (1 973) .
12. K. ~~~ . V. L. Narasinha n , V.  U. S. lao , ~~. E.  Tallace and I . ~~p,

“IlagneLic Properties of R14n2X2 Compounds (n  = lare Earth , Y or
Th an~ K = Ge , S i ) , ” AlP Conf. Proc. ~~~~, 59~ (1976).

13. M. Coldea, I. Pop, ~1 . E. Wallace and K. S. V . L. Narasimhaxi,
“Magnetic Characteristics and Ii1L~ of ~Eu ,“ Magnetism Lebt.  1,
11 ( 1976).

lt~. D. M. Gualtieri , K. S. V. L. Narasinthan and 1. K .  ~a 11ace ,
“Magnetic Properties of the Hydrides of Selected Rare Earth
Inter~~ ta1lic Compounds wi th Transition Metals , ” f~IP Conf .
Proc. 31i. , 219.

15. M. Merche s , K. 3. V. L. Narasinthan, ~1. E. Wallace and A.
Ilyushin , ‘~x iagne cic Properties of R(Fe 1~~ 4n )

~ Compounds
(B = G~ , tTh , Dy, iio or E r ) , ” AlP Coaf . Proc~ o~ , 233 ( 1976).

i6. K . S. V. L. Naresimban , “Magnetic Character istics of the
MnNiSi1~~Ge Compounds Crys tallizing in the Co2P 1~pe
S truc ture , t~

XAIP Coaf. Proc . 3~, ttO ( 1976).

Papers 11, 12 and l~ all have the same ultimate objective : to at temp t to

manipulate the na ture of rare earth-tra nsition me~al coupli ng by alloying in

such a way as to change the electro n concentration . An example of this is the

s tudy of the Gdi ~
Th

~
Fe2 sys tem in paper 11. Uhen te travalent Tb replaces

trivalent Gd it is expected that the electron concentration trill be increased .

Since the i~ICKY interaction , which presumably couples the Gd and Fe moments ,

is elec tron concentration sensitive , i t  was hoped that the ferrimagne ’cic Gd-Fe

coupling in GdFe2 could be made ferromagnetic in the ternaries. This did not

develop. The Fe moment decreased , indica ting tha t the extra electron provided

by Th did not increase the electron concentration but instead was absorbed by Fe.

- ~~~~~~~~~~~~~~~~~~~~~~~~~~~ —~~
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In paper 12 a series of compounds were studied , represented by the formula

K11n2X2 where B = a rare earth , Y or .~h and X = Si or Ge. These materials form

in the BaA11~ structure . A varie ty of’ magnetic behavior is observed for the 20

compounds studied. The original paper should be consulted for details . This

work was to set the s tage for work involving qua ternary sys tezna , e.g.,

i
~

iIn2_ ,,T,~Ge2 where T = Cr , Fe , Ca , Ni or Cu.

The effec t of absorbed hydrogen on rare earth-Fe coupling was inves tigated

in paper lii.. The compounds lFe2 wi th I~ Ho , Er and Tm were investiga ted.

These materials absorb hydrogen in copious amounts . The mos t significant

results ob ta ined are listed in Table V.

Table V

Magnetic Chaïacteris tics of Hydrogenated flFe2 Syst ems

Magne tization a t  1L2°K Curie Temperature

per formula unit (°K)

HoFe2 5.11 6])I~
HoFe2H~~5 2.35~ 287
ErFe2 1~.75 596
ErFe2H3 9  5.6O’~” 280
TinFe2 2.52 6io
Tn~~e2H~~3 6.!45~ 270

* Measured at an applied field of 21 k0e.

** Measured at an applied field of 120 k0e .

Hydr ogenation rather strikingly reduces the interactions , as reflected in

the Curie temperature , and in the case of ErFe2 and TmFe2 increases the magrieti-

zation . The effect for T~~’e2 is s triking , In BPe2 the B and Fe moments are

coupled antiparallel. The rise for TmFe2 upon hydrogenation sugges ts that this

may no longer be true for the hyd rogenated ma terial. The presence of hydrogen

seems to have affected -the Tm-Fe coupling . If’ the coupling has been reversed ,

it will be the firs t ins tance in which this has been accomplished .

~ 
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Hyd rogenated TmFe2 and ErF e9 are unusually difficult  to sa turate. ilesults

are shown in the accompanying diagram. The source of .hi~ except ional magnetic

hardness is as yet unkno’m.

In paper 13 the bulk magnetic properties of ( cubic) tX~u
5 

have been inter-

rela ted to its Cu JT .If l characteris tics . U in this material behaves as a free

triposi tive ion as deduced from its suscep tibili ty . Normally the ligh t actinide

me tals exhibit only PauJ.i paramagnetism , indicating delocalized 5f electrons .1°

In UCu
5 

-the U-U dis tance is 5A and the 51’ electrons are localized . From the

Knight shift dependence on tempera~ure (or susceptibility) the s trength of the

s-f exchange has been establi shed for the two non-equiva lent copper sites.

= -0.58 eV and J f (II ) = -0.35 eV.

In paper 15 the magnetic properties of the ternaries fl(Fei 
Mn
~
)2 (n  = Gd ,

Th, Dy, Ho, Ei’) were studied . With three magnetic species present complex mag-

netic coupling schemes are possible. The study was carried out in an ~ai tempt

to elucidate the coupling scheme. The transition metal sub-lattice moment is

given in Table VI.

Table VI

Transition Metal Sub-lattice Moment( IIB ) in
R(Fe i Mnx )2 Sys tems

x

1 0 0.2 O. I~ 0.6 0.8

Gd 1~.2 3.11~ 2.18 i.86 1.77
Tb 3.28 1.82 1.99 1.83 1.~2

Dy L,L .5 Li .36 3.50 2.97 2.214
Ho 2.83 2.].14 1.8 0.39
Er 2.96 ---- 1.05 1.33 0.114’

Y 2.9 2.0 1.2 O.Ii.

ci14 s truc~ures. All the other materials ~ere in the
cubic C15 structure.

1
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Lhe decline in transition metal moment could be due to simple di1ut~.on or

ai~tiferrona5netic eoupiin~ of i’e and Mn. iJécision betwcen t iic~~~ a1t~ rnatives

requires additional info~.ma tion, e.g., neutron diffraction studies. The best

guess is that Mn carries a small rao~~nt (< o.5~~) aligned antiparallel to the

Fe moment .

In oaoer 16 a study was made of the influence of substituting Ge for Si

in MnNiSi. Thia compound is ferromagnetic with T
~ 

616°K and a. magne tic

moment of 2 .5~~. It was hoped that and the magnetic moment could be en-

hanced by increasing the Mn-Mn distance, to be brought about by replacing Si

with Ge. Single -phase materials were produced for the range MnNiSi up to

~thNiSi0 2 Ge0 8.  -~. rise of magnetization from 2.5 to 2.9~~ is found as Ge

replaces Si but T~ declines steadily . The highest Ge content alloy is me ta-

magne tic , but Mt~~iSi0 3
Ge0 ~ 

and all lower content Ge alloys are found ~o

be ferromagnetic.

The several studies involving Mn alloys represented attempts to form

ferromagne tic sys tems in which i-In was contributing substantially to the magne ti-

za ion. It is known ;ha t in the Hensler alloys Mn exhibits a moment of 5~~ per

atom. In these m~ berials the Mn-Mn dis tance is large (> 3 K). It is also known

tha t whe n the 14n41n distance is reduced below ~ 2.8 A , the d electrons delocal-

ize and the local moment vanishes . The several studies described were a t tempts

to form cot~~ounds in which the i-Tn -k-In spacing was sufficiently large to br ing

out the large Mn m oment- - eithe r this or to set the s tage for o ther s tudies

with this intent .

Many inte~esting features of Mn systems have been revealed - -he effec t

on anisotropy , on T~ 
c.nd on coupling. These effec ts warra further attention.

_ . ~ .a~~
_____ 

~~~~~
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